Materials with low electron work function are of great demand in various branches of science and technology. LaB 6 is among the most effective electron-beam sources with one of the highest brightness of thermionic emission. A deep understanding of the physical mechanisms responsible for the extraordinary properties of LaB 6 is required in order to optimize the parameters and design of thermionic elements for application in various electron-beam devices. Motivated by recent experiments on rare earth borides indicating a strong coupling of conduction electrons to the crystal lattice and rare earth ions, we have studied the state of electrons in the conduction band of lanthanum hexaboride by performing infrared spectroscopic, DC resistivity and Hall-effect studies of LaB 6 single crystals with different ratios of 10 B and 11 B isotopes. We find that only a small amount of electrons in the conduction band behave as Drude-type mobile charge carriers while up 2 to 70% of the electrons are far out of equilibrium and involved in collective oscillations of electron density coupled to vibrations of the Jahn-Teller unstable rigid boron cage and rattling modes of Laions that are loosely bound to the lattice. We argue that exactly these non-equilibrium (hot) electrons in the conduction band determine the extraordinary low work function of thermoemission in LaB 6 . Our observation may guide future search for compounds with possibly lower electron work function.
Introduction
Materials with a low work function find diverse applications in electronic devices where they are utilized as contact electrodes or electronic emitters (see, e.g. [1] ). Due to the high electronic emissivity, melting point, mechanical and chemical stability, rare earth (RE) hexaborides RB 6 (R is a metal ion) are among the most promising compounds for high-power electronic technology. There still is a lack of theoretical understanding of the microscopic mechanisms that determine these remarkable characteristics. RE hexaborides reveal a rich variety of interesting physical properties.
Among them are metals (LaB 6 -NdB 6 , GdB 6 -HoB 6 ) [2] [3] [4] , semimetal (EuB 6 ) [5] , semiconductor (YbB 6 ) [6] , superconductor (YB 6 ) [7] and intermediate valence Kondo insulator (SmB 6 ) [8] . Such diversity is determined by specific features of crystal structure and electronic configuration of the RE-ions. These particular electronic and ionic properties of the RE hexaborides can be assumed to be at the origin of their unique thermionic emission ability. Their crystal structure is shown in the inset in Figure 1a . It has the bcc CаВ 6 -type with Pm3m-O 1 h symmetry and contains two types of atoms, RE and boron, where the boron ions are organized into B 6 clusters (octahedrons). The structure can be represented as a rigid network of covalent-bounded octahedral-shaped B 6 complexes with RE ions embedded in cavities formed by B 6 clusters [9] . The metal atoms are located within the B 24 polyhedra and are loosely bound to the surrounding boron atoms, both factors leading to quasi-local vibrations (rattling modes) [10] . It was found recently that in the higher borides RB 12 , development of the Jahn-Teller (JT) instability in the boron B 12 clusters leads to emergence of an infrared-active collective excitation that involves corresponding JT-mode, produces the rattling vibration of the RE atom and modulation of electronic density in the conduction band [11] [12] . Very similar collective excitations were discovered in Gd x La 1-x B 6 as well [13] . It was suggested that they arise from the complex interaction among lattice, orbital and charge carriers subsystems, and that their striking consequence is the conversion, by virtue of collective interactions, of large fraction of conduction electrons into a non-equilibrium state with strong scattering. This phenomenon was also proposed [13] to cause a record low thermal emission work function of LaB 6 (φ≈2.66 eV [14] ).
Since the boron network is essentially involved in the formation of the collective excitationsvia the cooperative-dynamic JT-effect on the B 6 clusters -, here our goal was to explore in detail its evolution and in this way the evolution of the conduction electrons state upon isotopic substitution in the boron sublattice. We use infrared spectroscopy (frequency range 40 -35000 cm -1 ) together with DC resistivity and Hall effect measurements to study the electronic properties of several isotopically substituted La( 10 B x 11 B 1-x ) 6 compounds with x=0, 0.189, 0.5, 0.75, 1. In addition to the Drude-type free carrier component, we find that the infrared spectra of all studied compounds exhibits distinct signatures of a collective excitation with complex, slightly non-Lorentzian lineshape and unusually large dielectric contributions reaching values Δε=7300 for La 10 B 6 and Δε=4050 for La 11 B 6 . Our analysis reveals that up to about 70% of conduction band electrons are involved in the formation of the excitation; with other words, they exist in some kind of nonequilibrium state. The largest fraction of such electrons is detected in lanthanum hexaboride with natural isotopic composition (La nat B 6 ) where the excitation has the highest damping due to disorder within the boron sub-lattice. We argue that such disorder is an important factor driving the system of conduction electrons of LaB 6 to the non-equilibrium state and that these "hot" electrons determine the exceptionally low work function of the compound.
Experimental details
High quality La( 10 B x 11 B 1-x ) 6 single crystals with x=0, 0.189 (La nat B 6 ), 0.5, 0.75 and 1 were grown by vertical crucible-free inductive zone melting in argon gas atmosphere. The details of crystal preparation are described in [15] . With the exception of the isotopically pure 11 6 , taking into account the actual enrichment of the used individual isotopes; for convenience these two samples are designated as the isotopically pure materials. The grown crystals were characterized by recording Laue back-patterns, optical spectral analysis, magnetization, DC transport and Hall effect measurements. Apart from the boron 'isotopic impurities', the total impurity content of our samples is less than 10 -3 mass %. For the infrared reflectivity measurements the surfaces of 5*5 mm 2 area samples were made plane within ±1 μm and polished with diamond powder. Finally all samples were etched in dilute nitric acid (HNO 3 :H 2 O = 1:2, 10 s) to avoid distortions of the surface layer due to polishing.
In the frequency range ν=40-8000 cm -1 , the reflectivity spectra R(ν) were measured employing a Bruker Vertex 80V Fourier-transform infrared (IR) spectrometer; gold films deposited on a glass substrate were used as reference mirrors. With the J.A. Woollam V-VASE ellipsometer, spectra of optical conductivity (ν) and dielectric permittivity ε'(ν) of the samples were directly determined in the interval 3700 cm -1 -35000 cm -1 . From the ellipsometry data, the reflection coefficients were calculated and merged with the measured IR reflectivity spectra. The data from
Ref. [16] were taken to extend the spectral range up to ≈400000 cm -1 . DC conductivity  DC and Hall resistivity of the same samples were measured using a standard 5-probe method.
Experimental results and discussion
In Figure 1a , the room-temperature reflectivity spectra of La 10 B 6 and La 11 B 6 crystals are shown in a large the frequency range The overall spectra are typical for a good metal: a pronounced 5 plasma edge is observed at ν17000 cm -1 with a rather high reflectivity below. Features above 20000 cm -1 are caused by electronic interband transitions [16] [17] [18] and will not be discussed here. The optical response of metals is commonly analyzed by the Drude model of the complex conductivity [19] Drude * deviations occur that are also identified in the spectra of the other crystals. The observed non-Drude shape of the reflectivity spectra cannot be explained by electronic correlations. A corresponding enhancement of the effective electronic mass is commonly confined to low temperatures, as observed in heavy fermions [20] . Concomitantly, applying the generalized Drude analysis to our data in order to determine the frequency dependence of the effective mass and scatting rate [19] , we extract at the lowest frequencies (below 100-300 cm -1 ) a carrier mass m* that falls in the range of (0.9÷1)m 0 for all studied compounds (m 0 is a free electron mass) indicating absence of strong correlations. We thus conclude that the infrared response of all studied La( 10 B x 11 B 1-x ) 6 crystals is determined not just by free charge carriers -providing their relatively high metal-like conductivity -but that additional mechanisms contribute to the electronic properties of the compounds and produce non-Drude shape of the reflectivity spectra. From the intensity, width and shape rules of the features, simple lattice vibrations can be ruled out as possible origin of these bands. We formally model these mechanisms by introducing, in addition to the Drude free carrier term (1), a minimal set of excitations that provide description of the measured reflectivity spectra. We use Lorentzian expression * ( ) = 0.5
where ν 0 is the resonance frequency, = Δ 0 2 is the oscillator strength, Δ is the dielectric contribution and  is the damping constant. For all studied samples, it was sufficient to introduce two Lorentzians to perfectly fit the measured reflectivity spectra; examples of such fits obtained for La 10 B 6 and La 11 B 6 are presented by solid lines in Fig.1a . The so-obtained conductivity spectra for all the different samples La( 10 B x 11 B 1-x ) 6 , are shown in Fig.1b , where one can identify -next to the Drude roll-off -a bump-like feature around 500 cm -1 that is present in all compositions x = 0, 0.189, 0.5, 0.75 and 1. Fig.2 displays separately the two contributions -from the Drude-type conduction electrons and from the peak feature. One can see that except for La 11 B 6 all peaks are located at almost same frequency and that for the x=0 compound (La 11 B 6 ) with heavier 11 B ions the peak shifts towards higher frequencies. Below we account for this unusual behavior in terms of JTdistortions of boron clusters, which are the trigger for occurrence of collective mode in higher borides. [21] Characteristics of the observed peaks -oscillator strengths f, dielectric contributions ∆ε and damping parameters  peak vary moderately and non-monotonously with x in the La( 10 B x 11 B 1-x ) 6 crystals reaching maximal values for La nat B 6 . In Figure 3 we summarize all parameters of the two contributions (from Lorentzians and Drude responses) obtained by fitting the reflectivity spectra.
The discovered excitations have a rather unusually large dielectric contributions Δε ranging from Δε≈4000 for La 11 B 6 up to almost Δε≈8000 for La nat B 6 , and are strongly overdamped (relative damping constants γ/ν 0 =1÷3.4). It is worth noting that the results we obtain here for the La( 10 B x 11 B 1-x ) 6 are qualitatively similar to those deduced from the infrared experiments on Gd x La 1-x B 6 hexaborides [13] and LuB 12 , [11] Tm 0.189 Yb 0.811 B 12 dodecaborides. [12] In these compounds, in addition to the free-carrier Drude spectral component, strong infrared excitations were discovered with dielectric contributions ∆ε reaching values as high as 15000 and with non-Lorentzian lineshapes.
In Ref. [11] [12] [13] the origin of the excitations was associated with cooperative-dynamic Jahn-
Teller effect in the boron sub-lattices, which produces quasi-local vibrations (rattling modes) of loosely bound RE ions, leading to 'modulation', via hybridization of 5d-conduction electrons and 7 2p-boron states, of the conduction band along certain crystallographic directions. We believe that similar mechanisms are responsible for the peak observe in the present study of La( 10 B x 11 B 1-x ) 6 crystals. More specifically, because of double orbital degeneracy of the highest occupied molecular orbital, the B 6 molecules are JT active and their structure is thus labile due to JT distortions. In such cases, certain intrinsic structural defects (e.g. boron vacancies and/or mixed 10 height of ΔE/k B~9 0 K was extracted from heat capacity measurements [22] of LaB 6 with different Taking for LaB 6 the value of the electrons effective mass m*=0.6m 0 [23] and using the relations for charge carriers plasma frequency ν pl =[ne 2 /(m*)] 1/2 (n is the concentration of electrons, e -their charge) and oscillator strength of the Lorentzians = Δ 0 2 =ne 2 (m*) -1 , for every studied crystal we estimate the concentration of (i) free carriers that participate in the Drude conductivity (n Drude ), and (ii) electrons involved in the formation of the peak (n peak ). Furthermore, we calculate the mobility = * = (2π * Drude ) −1 and the mean-free path l=v F τ of the carriers responsible for 8 the Drude charge transport (here τ is the relaxation time,  Drude =90 cm -1 for all crystals studied, and we use the Fermi velocity v F ≈ 6*10 7 cm/s in LaB 6 found in [23] ). The obtained data are collected in Figure 3b ], in agreement with the well-known consideration of hexaborides as single electron metals (see e.g. [2] ). It is interesting that the mobility determined from the DC Hall effect and resistivity measurements (μ Hall ) is much lower than those found for the free (Drude) electrons, but, at the same time, much higher than the values found for electrons that participate in the formation of an overdamped peak (μ peak , see Figure 3c ). This means that the Hall experiments determine the mobility of all electrons (μ Hall~6 0 cm 2 V -1 s -1 ) whose concentration is given by n Drude +n peak and includes (i) the concentration of the non-equilibrium conduction electrons suffering strong scattering on the quasi-local mode and hence having relatively small mobility Figure 3c ).
We suggest that the effect of the discovered non-equilibrium (hot) electrons that make up the majority in LaB 6 (up to ≈70%, see Figure 3b ) can be considered as the key factor responsible for the extraordinarily low work function of thermoemission in this compound. Taking into account that the highest values of the oscillator strength f≈1.64*10 9 cm -2 (and corresponding electronic concentration), dielectric contribution Δε≈7720 and damping γ≈1470 cm -1 (with corresponding lowest mobility) are observed for La nat B 6 ( Figure 3a) which is characterized by strongest disorder within the boron sublattice, it is natural to conclude that this disorder is among the most important factors determining unique thermoemission characteristics of the LaB 6 . To unveil microscopic 9 mechanisms responsible for the observed effects low-temperature spectroscopic studies are in progress.
Conclusions
We have performed broad-band room temperature infrared reflectivity (40 -35000 cm -1 ), DCresistivity and Hall-effect experiments on lanthanum hexaborides, which possess record-high thermoemission characteristics. The analysis of the optical conductivity spectra of several isotopically-substituted La( 10 B x 11 B 1-x ) 6 solid solutions with x=0, 0.189, 0.5, 0.75, 1 allows the conclusion that in addition to the Drude free carrier spectral component, which involves only about 30% of the total number of conduction electrons, there exists an intensive collective mode that is centered at 400-600 cm -1 and has a very large dielectric contribution Δε=4000-7200. We argue that the presence in the conduction band of non-equilibrium (hot) electrons involved in the formation of the discovered excitation is at the origin of the extraordinary low electronic work function in LaB 6 .
The finding provides a fresh look at the mechanisms responsible for highest thermoemission characteristics of materials. 
